We previously identified a chlamydial protein designated CPAF (chlamydia protease/proteasome-like activity factor) that is secreted into host cell cytosol for degrading host transcription factors required for major histocompatibility complex antigen expression. Here we report that CPAF, synthesized as a 70-kDa proprotein, is processed into two fragments (designated CPAFn and CPAFc) to form intramolecular dimers that are much more stable than the naïve CPAF. Precipitation with antibodies that recognized CPAF dimers removed the proteolytic activity responsible for degrading host transcription factor RFX5 from chlamydia-infected host cell cytosol, while precipitation with antibodies that recognized free CPAF fragments alone did not remove this activity. Separation of CPAFn from CPAFc resulted in a loss of proteolytic activity. Furthermore, neither expressed full-length CPAF that was not processed nor coexpressed CPAFn and CPAFc fragments that failed to form dimers degraded RFX5. These observations demonstrate that intramolecular dimerization is required for CPAF to degrade host transcription factors, a strategy that is utilized by an obligate intracellular bacterial species to evade host defenses.
Chlamydiae are obligate intracellular bacterial pathogens that must replicate in cytoplasmic vacuoles of eukaryotic cells (11) . Despite the severe health problems caused by infection with various chlamydial species (1, 5, 10) , the pathogenic mechanisms of chlamydia-induced diseases in humans are still unclear. It is hypothesized that chronic inflammatory responses provoked during chlamydial intravacuolar replication mainly contribute to the chlamydial pathogenesis (1, 3-5, 16, 19) . Therefore, investigation of the molecular basis for how chlamydiae maintain long-term intravacuolar residence in infected hosts should improve our understanding of chlamydial pathogenesis.
It has been reported previously that chlamydiae, like viruses (21) , have evolved various strategies for evading host defenses in order to achieve long-term survival in infected hosts (8, 26, 27) . Chlamydiae have acquired the ability to prevent infected cells from undergoing apoptosis (6, 8, 15) , which may allow chlamydiae to avoid immune effector mechanisms mediated by host cell apoptosis. To escape immune detection, chlamydiae suppress major histocompatibility complex (MHC) antigen expression in infected host cells (26, 27) . Recently, a chlamydial protein designated CPAF (chlamydia protease/proteasomelike activity factor) that may be responsible for the chlamydial suppression of MHC antigen expression was identified (25) . CPAF is secreted from chlamydial vacuoles into host cell cytosol and degrades transcriptional factors required for host MHC gene activation (25) . Subsequent studies confirmed that CPAF indeed is the first and only chlamydia-secreted protein for chlamydial manipulation of host cells that has been identified so far (7, 12, 17) .
Although CPAF is encoded by a chlamydial open reading frame for a ϳ70-kDa protein, it was purified as two shorter fragments with molecular masses of ϳ35 kDa (corresponding to the C-terminal half of CPAF; designated CPAFc) and ϳ29 kDa (corresponding to the N-terminal portion of CPAF; designated CPAFn) (25) . The fact that the CPAFc and CPAFn fragments were coeluted from nondenaturing columns at a molar ratio of almost 1:1 (25) suggests that these two fragments are associated with each other. We hypothesized that CPAF may form intramolecular dimers and that dimerization may be necessary for CPAF activity. In the present study, we tested this hypothesis by using a panel of monoclonal antibodies (MAbs) raised with endogenous CPAF, in combination with various immunoprecipitation schemes. We found that CPAF must form an intramolecular dimer to acquire activity for degrading host transcriptional factors. This finding provided further insight into the molecular mechanism of CPAFmediated immune evasion, which will no doubt be useful for developing interventional strategies to prevent chlamydiae from evading host immune detection mechanisms.
MATERIALS AND METHODS
Purification of CPAF and generation of MAbs against CPAF. In order to generate antibodies suitable for detecting CPAF in chlamydia-infected cells, we used endogenous CPAF as the immunogen. About 200 175-cm 2 flasks of HeLa cells (American Type Culture Collection, Manassas, Va.) infected with C. trachomatis serovar L2 for 30 to 40 h were harvested to prepare a cytosolic fraction consisting of the supernatant obtained after centrifugation at 100,000 ϫ g (L2S100) (8) . CPAF was purified from L2S100 by column chromatography as previously described (25) . Purified endogenous CPAF was used to immunize BALB/c mice (The Jackson Laboratory, Bar Harbor, Maine) for generation of antibodies. A fusion protocol described elsewhere was used to make spleenmyeloma (SP20) cell hybridomas (22, 28) . Hybridoma cells were screened for antibodies that recognized CPAF by an enzyme-linked immunosorbent assay (29-31), followed by Western blotting (23) . A total of six clones were isolated from two independent fusions, and all of the clones were isotyped mouse immunoglobulin G1. Three of the six clones were mapped to the N-terminal fragment (clones 2a, 5, and 54b) and the other three clones were mapped to the C-terminal fragment of CPAF (clones 73, 97, and 100a). The hybridoma culture supernatants were used for Western blotting, radioimmunoprecipitation, and immunofluorescence assays in this study.
Expression of CPAF and CPAF fragments in both bacterial and mammalian cell systems. CPAF or CPAF fragments were cloned and expressed in bacterial systems. Primers were designed based on the CPAF sequence of serovar D (CT858; accession number A71461; http://www.ncbi.nlm.nih.gov:80/entrez/ query.fcgi?CMDϭsearch&DBϭprotein) (20, 25) . Both full-length CPAF and various fragments were cloned into a pGEX6p-2 vector (Amersham Biosciences Corp., Piscataway, N.J.) by using serovar L2 genomic DNA as the template. This vector allowed genes of interest to be expressed as fusion proteins with a 26-kDa glutathione S-transferase (GST) as the fusion partner. The following GST-CPAF fusion constructs were produced: 1-283, 1-488, 1-525, 488-525, 1-609, 9-609, 11-609, 60-609, 136-609, 186-609, 242-609, 284-609, 338-609, and 387-609. The potential leader sequence (residues 1 to 24) (http://www.stdgen.lanl.gov/) in CPAF was not excluded during primer design. This is because GST was fused to the N terminus and because there was no difference in the expression level between constructs with the putative leader sequence and constructs without the putative leader sequence. All GST-CPAF constructs were expressed in BL21 with isopropyl-␤-D-thiogalactopyranoside (IPTG) as an inducer. GST fusion proteins were purified by using glutathione-conjugated beads (Amersham Biosciences Corp.) as instructed by the manufacturer. For mammalian expression, either the full-length CPAF (residues 1 to 609), the C-terminal fragment (residues 284 to 609), or the N-terminal fragment (residues 1 to 283) was cloned into a pEF vector (Invitrogen, Carlsbad, Calif.) for cytosolic expression with or without a C-terminal fusion myc tag. The CPAF-myc constructs were evaluated for expression in 293T cells after transfection individually or in combinations by using a protocol described elsewhere (24) . Proteins encoded by constructs with the putative leader sequence and proteins encoded by constructs without the putative leader sequence exhibited similar levels of solubility and expression.
Western blotting. The Western blot assays were carried out as described previously (28, 30) . Briefly, protein samples (S100 prepared from chlamydiainfected cells, purified CPAF fusion protein, or reaction mixtures from cell-free degradation assays) were subjected to sodium dodecyl sulfate (SDS)-polyacrylamide gel separation. After proteins were blotted onto nitrocellulose membranes, the primary antibodies were applied. These antibodies included various anti-CPAF mouse MAbs (see above), mouse anti-myc (clone 9E10; American Type Culture Collection), rabbit anti-GST (Amersham Biosciences Corp.), and anti-RFX5 (Rockland Immunochemicals Inc., Gilbertsville, Pa.). Primary antibody binding was examined with corresponding secondary antibodies conjugated with horseradish peroxidase (Jackson ImmunoResearch Laboratories, Inc., West Grove, Pa.), followed by a standard ECL analysis (Amersham Biosciences Corp.).
Immunoprecipitation. Precipitation assays were carried out as described elsewhere (24, 25 , and the lysates were mixed with antibodies conjugated to protein A/G agarose beads (Amersham Pharmacia). After unbound material and nonspecifically bound material were washed away with phosphate-balanced salt buffer (pH 7.4), the precipitates were either subjected to direct SDS gel separation and autoradiography or additional treatments. Several immunoprecipitation schemes were designed in the present study in order to address different questions. For sequential precipitation, the supernatants remaining after the first precipitation were subjected to additional precipitation with the same or different antibodies. The goal was to deplete the corresponding antigens or to detect the residual antigens in the remaining supernatants. For serial precipitation, as described previously (25) , a pellet precipitated with a given antibody (I o precipitation) was eluted or solubilized, and the solubilized material was subjected to a second precipitation with either the same antibody or a different antibody (II o precipitation). Solubilization was carried out by soaking antigen-antibody-agarose pellets in an equal volume of SDS buffer (0.5% SDS in 50 mM Tris [pH 7.5]) for 15 min at 37°C with constant rotation. The solubilization reaction was stopped by diluting the mixture with a 100-fold excess of Dulbecco modified Eagle medium containing 10% fetal calf serum. The dilution was often done just prior to the II o precipitation. It is worth noting that the solubilization conditions used were strong enough to dissociate both the antigen-antibody interactions and the antigen complexes formed via noncovalent bonds. However, the solubilization process was properly controlled so that the conformation of individual antigen subunits was not grossly altered and the subsequent II o precipitation was not inhibited. The goal of the serial precipitation procedure was to use the II o precipitation to identify the individual components in the pellets precipitated by the I o precipitation. For pulse-chase experiments, the infected cultures were pulse-labeled with radioactive amino acids for a short time (1 h). After the residual unincorporated radioactive amino acids were washed away, one culture was harvested right away (chasing for 0 h), while parallel cultures were continuously incubated in the presence of a 10-fold excess of cold methionine and cysteine for various periods of time (various chasing periods) prior to harvest.
Cell-free degradation assays. The cell-free degradation assay was carried out as described previously (27) . Briefly, nuclear extracts containing RFX5 were used as substrates, and the enzyme sources included chlamydia-infected cell cytosol (L2S100), as well as the supernatants remaining after antibody precipitation or pellets obtained by antibody precipitation. After incubation of the enzymesubstrate mixtures for 1 h at 37°C, the digestion mixtures were subjected to SDS gel separation, and residual RFX5 was detected by a Western blot assay.
RESULTS
CPAF is synthesized as a 70-kDa proprotein and is processed to form intramolecular dimers. To investigate how CPAF synthesized in chlamydial vacuoles can degrade host cell proteins, we first carried out a series of immunoprecipitation pulse-chase experiments to track the fate of newly synthesized CPAF. As shown in Fig. 1A , a 70-kDa protein was precipitated along with several other proteins from the lysates of cells infected with chlamydiae for 30 h and biosynthetically radiolabeled for 1 h (Fig. 1A , chasing for 0 h). As the parallel pulse-labeled cells were chased, the 70-kDa protein gradually disappeared, while the levels of both the 35-kDa fragment (CPAFc) and the 29-kDa fragment (CPAFn) (25) remained at nearly steady-state levels. By 30 min after chasing, ϳ50% of the 70-kDa CPAF had disappeared, while ϳ50% of the mature CPAFc and CPAFn fragments remained intact even after chasing for 12 h. The mature CPAFc and CPAFn fragments were apparently more than 10-fold more stable than the 70-kDa CPAF. Based on these observations, the two shorter fragments clearly represented the mature form of CPAF processed from the 70-kDa proprotein (designated proCPAF). The coprecipitated band that migrated just above the mature 35-kDa CPAFc fragment might represent a processing intermediate of CPAF since its half-life was between that of the proCPAF and that of the mature CPAFc and CPAFn fragments. The fact that a large amount of mature CPAFc and CPAFn fragments was present in the sample pulsed for 1 h (Fig. 1A) suggests that processing of proCPAF occurred very quickly. The antibody used for the immunoprecipitation was MAb 73, which was specific for CPAFc (Fig. 2) . Coprecipitation of CPAFn with this antibody strongly suggested that CPAFn was in complexes with CPAFc.
The extent of formation of complexes between CPAFc and CPAFn was determined by a sequential immunoprecipitation assay (Fig. 1B ). An MAb recognizing either CPAFn (MAb 54b) (Fig. 2) or CPAFc (MAb 73) precipitated both the 35-kDa CPAFc fragment and the 29-kDa CPAFn fragment, confirming that the CPAFc and CPAFn fragments were physically linked to each other. Reprecipitation of the remaining supernatant with the same antibodies pulled down no additional radioactive signal (Fig. 1B) , suggesting that CPAF fragments in complexes were completely depleted during the first precipitation. When the supernatants that remained after depletion by the two consecutive precipitations with the same antibodies were subjected to further precipitation reciprocally with the heterologous antibodies, the CPAFc-specific MAb failed to precipitate any CPAF fragments from the anti-CPAFn-depleted supernatant, while the CPAFn-specific MAb brought down a small amount of free CPAFn from the anti-CPAFcdepleted supernatant. It is worth noting that both the antiCPAFc and anti-CPAFn MAbs used in this set of experiments were able to recognize the corresponding antigens in either complexes or single chains (Fig. 2) . The observations described above clearly demonstrated that most of the mature CPAF fragments were associated with each other in complexes and that that was only a small amount of free CPAFn fragment.
The intramolecular dimers of CPAF are proteolytically active. A panel of six MAbs was used to determine whether CPAF dimers or free fragments are responsible for CPAF enzymatic activity. The binding sites of the six MAbs (designated MAbs 2a, 5, 54b, 73, 97, and 100a) were mapped by Western blotting, and three of the MAbs bound to CPAFn (MAbs 2a, 5, and 54b) and three bound to CPAFc (MAbs 73, 97, and 100a) (Fig. 2A) . These MAbs were further analyzed to determine their fine specificities by using a collection of bacterium-expressed CPAF fragments. As shown in Fig. 2B , the three CPAFc-specific MAbs mapped to a region between residues 284 and 338, while the three CPAFn-specific MAbs displayed different fine specificities; MAb 2a mapped to a region between residues 186 and 242, MAb5 mapped to a region between residues 136 and 186, and MAb 54b mapped to a region between residues 60 and 136. Since these CPAF fragments were expressed as GST fusion proteins, an anti-GST antibody was used to confirm that all CPAF fragments used in the experiment were properly expressed. In a radioimmunoprecipitation assay, four of the six MAbs precipitated both the 35-kDa CPAFc fragment and the 29-kDa CPAFn fragment (Fig. 2C) , indicating that the corresponding epitope regions (between residues 283 and 338 recognized by CPAFc-specific MAbs 73, 97, and 100a and between residues 60 and 136 recognized by CPAFn-specific MAb 54b) are surface accessible on CPAF dimers. Although MAbs 2a and 5 specific for CPAFn failed to bring down CPAF dimers, they did precipitate small amounts of free CPAFn fragment (Fig. 2C) , confirming that there was excess fragment CPAFn, as shown in Fig. 1B . The failure of MAbs 5 and 2a to precipitate CPAF dimers may have been because the corresponding epitopes (between residues 136 and 242) were no longer accessible to antibody binding when CPAFn dimerized with CPAFc. It is obvious that the conformation of CPAF dimers determines the accessibility of the epitopes to corresponding antibodies.
Importantly, the differential recognition of CPAF by the MAbs allowed us to correlate the CPAF activity with CPAF structure. We evaluated the effects of antibody precipitation on CPAF activity in the chlamydia-infected host cell cytosol. As shown in Fig. 2D , MAbs that were able to precipitate CPAF dimers (including MAbs 54b, 73, and 100a) effectively removed the RFX5 degradation activity from the infected cell cytosol in the antibody pellets, while MAbs 5 and 2a, which precipitated only the CPAFn fragment, did not remove this activity. These observations demonstrated that CPAF activity was associated with CPAF dimers but not with the free CPAFn fragments. However, since the 70-kDa proCPAF was also precipitated along with CPAF dimers, it remains to be determined whether the full-length proCPAF also contributed to the degradation of RFX5, which is discussed below.
Intramolecular dimers consisting of the CPAFc and CPAFn fragments are required for CPAF activity. The contributions of various forms of CPAF to the enzymatic activity of CPAF were evaluated by using a serial immunoprecipitation scheme. As shown in Fig. 3A , both CPAFn-specific MAb 54b and CPAFcspecific MAb 73 precipitated the mature CPAFc-CPAFn complexes in addition to the 70-kDa proCPAF (I o precipitation). Three parallel precipitates brought down by each antibody were solubilized to dissociate the CPAFc-CPAFn dimers (see Materials and Methods), and the solubilized material was subjected to reprecipitation with either the same or heterologous antibodies (II o precipitation) (Fig. 3A) . For example, reprecipitation of the solubilized material brought down by MAb 54b with MAb 54b again pulled down only CPAFn and not CPAFc (Fig. 3A) , while reprecipitation with CPAFc-specific MAb 73 pulled down only CPAFc and not CPAFn (Fig. 3A) ,
FIG. 1. Identification of CPAFc-CPAFn complexes in chlamydiainfected host cell cytosol. (A)
. Pulse-chase radioimmunoprecipitation to monitor the fate of newly synthesized CPAF. HeLa cells infected with C. trachomatis serovar L2 for 30 h were metabolically labeled for 1 h (pulse; chasing 0 h), and parallel pulse-labeled cells were chased for various times, as indicated at the top. Cells with or without chasing were harvested and used for antibody precipitation as described in Materials and Methods. Although a CPAFc-specific MAb (MAb 73) was used for the precipitation, CPAFn was coprecipitated. Note that the 70-kDa proCPAF was rapidly processed into two shorter but much more stable fragments, CPAFc (ϳ35 kDa) and CPAFn (ϳ29 kDa). The stable CPAFc and CPAFn fragments are designated mature CPAF. (B) Sequential precipitation to determine the extent of complexes formed by CPAFc and CPAFn. Cell lysates prepared as described in Materials and Methods were subjected to precipitation with either MAb 54b (␣N) or MAB 73 (␣C). After centrifugation, the remaining supernatants were reprecipitated with the same antibodies. The final remaining supernatants after two precipitations were precipitated reciprocally with heterologous antibodies. The pellets brought down during each precipitation were subjected to SDS gel separation and analysis by autoradiography. Note that a small amount of free CPAFn fragment was pulled down (right lane) during the third precipitation from the supernatant that had been precipitated twice with CPAFc-specific MAb 73. MW, molecular mass. (Fig. 3A) or MAb 73 only pulled down the corresponding single fragments. It is worth noting that regardless of the solubilization treatment, the 70-kDa proCPAF protein was brought down by MAbs 54b and 73 but not by MAb 2a, which is consistent with what is shown in Fig. 2C , suggesting that proCPAF had similar conformations with and without solubilization. Therefore, we concluded that the solubilization procedure used in this experiment was not severe enough to grossly alter the conformation of proteins, yet was strong enough to dissociate protein complexes. We next took advantage of the fact that CPAF dimers that precipitated in the antibody pellets still exhibited measurable RFX5 degradation activity (Fig. 2D) , and we compared the RFX5 degradation activities of the antibody pellets brought down during both the I o and II o precipitations (Fig. 3B) . Although the pellets pulled down during I o precipitation by either MAb 54b or MAb 73 degraded RFX5, the pellets brought down during II o precipitation did not degrade RFX5 regardless of the antibodies used. This is because CPAF dimers were present in the pellets brought down during the I o precipitation but not in the pellets brought down during the II o precipitation (as shown in Fig.  3A) . Since the 70-kDa proCPAF was also brought down by MAbs 54b and 73 during the II o precipitation (Fig. 3A) , the fact that none of the II o precipitation pellets showed any RFX5 degradation activity (Fig. 3B) ) and pellets after precipitation of L2S100 with the antibodies. The nuclear extracts (NE) containing RFX5 were used as the substrates. The residual RFX5 was detected on a Western blot with rabbit anti-RFX5. The immunoglobulin (Ig) chains of the precipitation antibodies were also visualized on the Western blot. Note that the remaining supernatants after precipitation by MAb 54b, 73, or 100a were not able to degrade RFX5, but the pellets brought down by these MAbs exhibited RFX5 degradation activity. The opposite was true for MAbs 5 and 2a, suggesting that there is a correlation between CPAF activity and CPAF dimerization. MW, molecular mass. A transfection experiment was used to further confirm the necessity of CPAF dimers for CPAF activity. Three different constructs, full-length CPAF (residues 1 to 609), CPAFn (residues 1 to 283), and CPAFc (residues 284 to 609), were expressed in mammalian cells as fusion proteins with a myc epitope tag at the C terminus. The constructs were designated CPAFmyc-f, CPAFmyc-c, and CPAFmyc-n, respectively. Cells transfected with these constructs either individually or in combination properly expressed the corresponding protein products, as detected with MAbs 54b and 100a on a Western blot (Fig. 4A) . Interestingly, the full-length CPAF was not processed when it was expressed via a transgene in mammalian cells. It is worth noting that both CPAFmyc-n and CPAFmyc-c were expressed in cells that were cotransfected with the two plasmids. To test whether coexpression of CPAFc and CPAFn allowed dimer formation, we used the CPAF N-terminus-specific antibody MAb 54b to immunoprecipitate the lysates of the transfectants and detected the CPAF fragments in the precipitates on a Western blot (Fig. 4B) . Western blot detection with MAb 54b revealed that both full-length CPAFmyc-f and CPAFmyc-n were precipitated by MAb 54b from cells transfected with the corresponding plasmids, including the cells cotransfected with CPAFmyc-n and CPAFmyc-c (Fig. 4B,  lanes 1 to 5) . This result was confirmed with the anti-myc MAb 9E10 (Fig. 4B, lanes 11 to 15) . As a positive control, MAb 54b successfully precipitated the endogenous CPAFn from the L2S100 sample. However, the CPAF C-terminus-specific antibody MAb 100a failed to detect any CPAFmyc-c in the MAb 54b pellet precipitated from the cotransfected cells, although MAb 100a detected the full-length CPAFmyc-f fusion protein and the endogenous CPAFf and CPAFc in the MAb 54b pellets precipitated from other samples. Since both CPAFmyc-n and CPAFmyc-c were expressed in the cotransfected cells and MAb 100a was able to recognize CPAFmyc-c on a Western blot, the fact that MAb 100a failed to detect any CPAFmyc-c in the MAb 54b pellet precipitated from the CPAFmyc-c-and CPAFmyc-n-cotransfected cell lysates demonstrated that the coexpressed CPAFmyc-n and CPAFmyc-c failed to form dimers. We next correlated dimer formation with proteolytic activity by comparing the abilities of the various MAb 54b precipitates to degrade RFX5 (Fig. 4C) . Although the pellet precipitated by MAb 54b from L2S100 degraded RFX5, none of the other MAb 54b pellets precipitated from transfected cells did this, further confirming that CPAFc-CPAFn dimer formation is necessary for the degradation activity. We also tested other conditions for enhancing formation of CPAFcCPAFn dimers, including transfection with or without tags or the putative CPAF leader in various types of vectors and cell-free systems. None of the conditions tested permitted CPAFc-CPAFn dimer formation or generated detectable proteolytic activity (data not shown). For example, neither dimers nor cleavage activities were found when purified CPAFc and CPAFn fragments were mixed and incubated under various conditions.
DISCUSSION
The identification of CPAF stimulated us to think about how an obligate intracellular bacterium can manipulate the host cell machinery to evade host defenses and improve its intracellular survival. Further elucidation of the molecular mechanisms of CPAF action should ultimately lead to creation of countermeasures for blocking chlamydial intracellular survival. Clearly, many important questions concerning the mechanisms of CPAF action remain to be addressed. For example, how is CPAF secreted from chlamydial vacuoles into the host cells? How is CPAF activity regulated? What is the structural basis for CPAF substrate specificity? In the present study we addressed whether intramolecular dimerization is required for   FIG. 4 . Transgene-encoded CPAF or CPAF fragments failed to form dimers and to degrade RFX5. 293T cells were transfected with plasmids coding for the full-length protein (CPAFmyc), the C terminus (CPAFmyc-c), or the N terminus (CPAFmyc-n) or were cotransfected with both the C terminus plasmid and the N terminus plasmid (CPAFmyc-cϩn). (A) Cell lysates from the transfectants or chlamydiainfected cells (L2S100 was a positive control) were subjected to Western blot analysis with either the N-terminus-specific MAb 54b or the C-terminus-specific MAb 100a. (B) Alternatively, all the cell lysates were precipitated with MAb 54b, and the precipitated pellets were then subjected to Western blot analysis with MAb54b, 100a, or 9E10 (anti-myc tag). Lanes 1, 6, and 11, cells transfected with CPAFmyc-f plasmid; lanes 2, 7, and 12, cells transfected with CPAFmyc-c plasmid; lanes 3, 8, and 13, cells transfected with CPAFmyc-c plasmid; lanes 4, 9, and 14, cells transfected with CPAFmyc-cϩn plasmids; lanes 5, 10, and 15, chlamydia-infected cells (L2S100). (C) The precipitates described above were also used to degrade RFX5 in a cell-free degradation assay. Molecular masses (MW) are indicated on the left, while the positions of protein bands are indicated on the right. IgH, immunoglobulin heavy chains; IgL, immunoglobulin light chains; IP, immunoprecipitation; WB, Western blot; NE, nuclear extracts (as the source of RFX5). (Fig. 3) . A transgene-encoded full-length CPAF in mammalian cells was not processed and failed to degrade RFX5 (Fig. 4) . Second, neither CPAFc nor CPAFn fragments alone or in a mixture without formation of dimers has any RFX5 degradation activity. Antibodies that precipitated only CPAFn did not precipitate the RFX5 degradation activity (Fig.  2C and D) . Neither the free CPAFc fragments nor the free CPAFn fragments released from CPAF dimers exhibited activity (Fig. 3) . Transgene-encoded free CPAFc or CPAFn fragments in the absence of dimers did not degrade RFX5 (Fig. 4) . Finally, CPAF dimers consisting of CPAFc and CPAFn are responsible for CPAF enzymatic activity. Antibodies able to pull down CPAFc and CPAFn dimers removed the enzymatic activity from the chlamydia-infected cell cytosol and moved it to the antibody pellets ( Fig. 2C and D) , while the activity disappeared when the dimers were dissociated (Fig. 3 ).
There are apparent advantages for CPAF to form intramolecular dimers for acquiring proteolytic activity. First, the process of intramolecular dimerization may provide the opportunity to regulate CPAF activity. Since CPAF is mainly used to regulate host cell functions, it may be beneficial for chlamydiae to synthesize CPAF as a zymogen and to make CPAF proteolytically active only when CPAF is secreted into the host cell cytosol. Efforts are under way to test this hypothesis. Second, dimers are usually more stable than single-chain molecules. Not only is the apparent stability of the active CPAF dimers important for chlamydiae to be able to constantly modify host cells during chlamydial intravacuolar persistence, but it also helps CPAF avoid being processed by host proteasomes in the cytosol. Finally, many bacterium-secreted protein toxins, some of which have proteolytic activities, can undergo posttranslational modification, including dimerization or oligomerization, to become active (2, 9, 13, 18) . Although CPAF is not a toxin, chlamydiae may have preserved a parallel structure or function for interacting with host cells. Since chlamydiae have become obligate for intracellular growth and intoxication of host cells may no longer be beneficial for intracellular survival, the chlamydiae may have evolved factors such as CPAF to moderate their interactions with host cells, in contrast to bacteria that live in extracellular environments. Chlamydiae may want to minimize toxicity to host cells and protect the infected host cells from destruction by their own defense mechanisms, which is what CPAF can potentially do. Indeed, other intravacuolar bacteria, such as salmonellae, are able to secrete nonexotoxin factors from bacterium-laden vacuoles into the host cell cytosol for modulating host cell actin polymerization to increase bacterial survival (14) .
Since neither CPAFc nor CPAFn alone exhibited proteolytic activity, it is difficult to predict which fragment bears the proteolytic domain and which fragment is responsible for substrate recognition. More sophisticated approaches, such as determination of the CPAF tertiary structure, may be required to fully map the functional domains of CPAF and to identify the optimal configuration for CPAF activity. It is reasonable to assume that further oligomerization of intramolecular dimers may further enhance the stability and proteolytic activity of CPAF. Protein folding and/or oligomerization is often an integrated part of protein translocation-secretion pathways. Currently, we are investigating whether CPAF intramolecular dimerization is a critical step in CPAF secretion from the chlamydial vacuole into the host cell cytosol. Determining the mechanisms of CPAF action and understanding CPAF intramolecular dimerization are obvious exciting aspects of the initial identification of CPAF. Clearly, many more questions about how CPAF is utilized by an obligate intracellular bacterial species to evade host defenses will be asked and addressed. An exploration of novel ways to determine the mechanisms of CPAF action on multiple fronts is under way.
